It is increasingly recognized that certain cardiovascular and non-cardiovascular medicines may induce a potentially life threatening form of ventricular tachyarrhythmia known as torsades de pointes (TdP; [1, 2] ). This realization led to the withdrawal of a number of drugs from the market, and proarrhythmic testing of a drug candidate is routinely performed today using a battery of pre-clinical tests. Yet, as development of TdP is multifactorial with female gender, bradycardia, hypokalemia and structural heart disease as the major risk factors, it is not surprising that the incidence of arrhythmia in healthy pre-clinical animal models is negligible. Since TdP is frequently not a direct read-out from the screening models, the determination of proarrhythmic risks is based on surrogate markers. Many such biomarkers for TdP have been proposed, including QT and APD prolongation, reverse-use dependence of drugs, and temporal and spatial dispersion of repolarization duration [3] [4] [5] [6] [7] [8] [9] . Undoubtedly, evaluation of biomarkers for proarrhythmia advanced our knowledge of TdP mechanisms; however, utility of these biomarkers in drug development is still limited as both their specificity and sensitivity is far from optimal. Moreover, regulatory authorities approving novel drugs for use in humans are not recognizing proarrhythmic animal models as informative of human risk. Instead, human safety is determined based on perhaps the most imperfect biomarker, the QT interval, recorded from healthy volunteers. The potential consequences are two-fold: approval of a drug that turns out to be proarrhythmic and discontinuation of the development of a promising therapy for an unmet medical need.
In the present issue of Cardiovascular Drugs and Therapy, the proarrhythmic mechanism of dofetilide is investigated and various biomarkers in isolated, perfused guineapig heart preparations are reported [10] . Dofetilide is a potent I Kr blocker and class-III antiarrhythmic drug with experimentally and clinically documented TdP risk. The author shows that addition of dofetilide (10 nM) to the perfusion fluid of isolated hearts is associated with electrophysiological changes that we would normally consider harbingers of TdP: reverse-use-dependent prolongation of repolarization, augmented spatial dispersion of repolarization, and increased steepness of action-potential rate adaptation. In spite of these proarrhythmic changes and experimental conditions favoring TdP induction (female gender, bradycardia), dofetilide only infrequently induced ectopic beats and short-lasting (2-5s) runs of monomorphic ventricular tachycardia; TdP never developed. Was the dofetilide concentration simply too low to trigger TdP? Complete block of I Kr in guinea-pig cardiomyocytes required 1000 nM dofetilide in early reports [11] , yet the data presented by Dr Osadchii in this issue confirms the findings of two previous studies showing that neither 10 nor 1000 nM dofetilide is able to reproducibly induce TdP in perfused, guinea-pig hearts [12, 13] . In addition, Guo et al. who used the guinea-pig model to analyze cardiovascular risk of 15 reference compounds, including dofetilide, reported arrhythmias for only 3 drugs, namely aconitine, ouabain and pinacidil [13] . Interestingly, none of these drugs are associated with considerable I Kr block.
The low incidence of arrhythmias in guinea-pig hearts appears to be at odds with data obtained from rabbit hearts, where a much higher sensitivity for proarrhythmic drugs is reported [3, 13] . What is the underlying mechanism? Primarily, the guinea pig has a prominent participation of I Ks in cardiac repolarization [14] , indicating that there is a large repolarizing current remaining even during circumstances of dofetilide administration. Secondly, the smaller heart size may reduce the chance of sustaining the perpetuation of a triggered event [15] , although this notion has been challenged by many recent reports of ventricular arrhythmias and fibrillation and mice and rats. Thirdly, guinea-pig cardiomyocytes are renowned for lacking the transient outward current [16] , which by adjusting the plateau voltage may impact on the frequency of early afterdepolarizations secondary to reactivation of the L-type calcium channel.
How do we sensitize the guinea-pig heart to TdP arrhythmias?
In the continued absence of reliable or verified biomarkers, despite the effort put into the area, the goal for drug testing should be triggering the arrhythmia. Based on the finding that drug-induced TdP in the clinical setting is a product of complex interplay of predisposing factors, it is apparent that useful proarrhythmia models should be primed or sensitized according to our knowledge on risk factors and contributors [17] . Repolarization reserve has previously been introduced [18] , and we have suggested to define it as the ability of the heart to withstand a challenge on repolarization [4] . For example, repolarization reserve was reduced in patients with a history of drug-induced TdP [19] and they showed excessive QT prolongation upon challenge with sotalol, an I Kr blocking drug, when compared to control patients [20] . Hence, the sensitivity of guinea pigs to proarrhythmia might be improved by introducing experimental conditions known to compromise repolarization reserve. These conditions potentially include: (i) lowering K + concentration in tissue perfusate; (ii) co-application of agents blocking repolarizing currents or enhancing depolarizing currents; and (iii) performing experiments on remodeled hearts.
Hypokalemia is a well-recognized risk factor of development of TdP. Hypokalemic conditions increase the driving force for potassium increasing the outward currents e.g. I Ks ; however, the kinetics of ion channel governing I Kr is sensitive to extracellular potassium in such a way that decreased potassium in the perfusion fluid actually causes a decrease in I Kr amplitude [21] . Moreover, hypokalemia inhibits I K1 , and the combined cellular electrophysiological effects of low external K + is action potential prolongation and hyperpolarization-induced slowing of impulse conduction [21, 22] . The guinea pig with predominant I Ks and limited I Kr may thus, theoretically, be more resistant to arrhythmias in periods of relative hypokalemia. This may explain why in guinea-pig heart, lowering K + concentration to 2.1 mM failed to significantly sensitize the model towards development of TdP associated with dofetilide infusion and only rare incidence of drug-induced TdP is noted (e.g. 1/24 hearts in [12] ). Conversely, in isolated rabbit hearts with repolarization governed predominantly by I Kr , hypokalemic solution (3 mM) greatly exacerbated torsadogenic action of dofetilide [23] . Dr. Osadchii and colleagues have previously shown that guinea pig action-potential duration and effective refractory periods during physiological pacing rates are only modestly changed during hypokalemia, although increased heterogeneity and facilitated action potential alternans and ventricular fibrillation were observed [24] . Thus, presently it is unclear whether hypokalemia will increase sensitivity to drug-induced proarrhythmia in the guinea-pig heart. Accumulating evidence suggests that reducing repolarization reserve by pharmacological I Ks blockade greatly enhances occurrence of TdP associated with I Kr inhibition. In this regard, it has been reported that inhibition of I Ks with either chromanol-293B or HMR1556 increased torsadogenic propensity of I Kr blockers in rabbits and dogs. The combined blockade of I Ks and I Kr in anaesthetized guinea pigs was not proarrhythmic, but a concomitant administration of adrenaline triggered TdP [25] . Moreover, pharmacological gain of I Na function has been used successfully to reduce repolarization reserve and induce TdP in ex-vivo studies [12, 26, 27] . Thus, co-administration of drugs attenuating repolarization strength or augmenting depolarizing currents increase sensitivity to TdP; however, it may also lower specificity of the model considerably, and additional studies are prompted to optimize experimental conditions of pharmacologically-primed proarrhythmia in the guinea pig [28] .
Structural heart disease predisposes to TdP. Patients with a history of heart failure have enhanced susceptibility towards TdP associated with I Kr inhibition using d, l-sotalol or dofetilide [29, 30] . Experimental data from dogs and rabbits confirm clinical findings, and testing drugs on remodeled guinea-pig hearts may substantially increase the susceptibility towards development of arrhythmia. To our knowledge, no studies were performed to evaluate drug-induced proarrhythmia in hypertrophied or failing guinea pig hearts. This may be because, up to now, there was a paucity of clinically relevant models with well-described significant structural, mechanical and electrophysiological cardiac remodeling in guinea pigs. Recently, a novel model of heart failure induced by chronic β-adrenergic stimulation has been developed [31, 32] ; however additional follow-up studies are required to determine whether this model has an increased risk of drug-induced TdP.
In conclusion, the study by Dr. Osadchii contributes importantly to our understanding of the guinea-pig electrophysiology and to its potential as proarrhythmic animal model. Presently, TdP has not been induced in large frequency, highlighting the requirement for additional fine tuning of the model before the species can be adopted for drug-screening. In the era of imperfect biomarkers, preclinical assessment of proarrhythmic risk should be based on the incidence of TdP in susceptible animal models.
